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nisms are correlated to magnetostructural 
transformations and visualized by vari-
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magnetothermal properties of NiMnGa 
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Two main physical properties are at the 
basis of their challenging phenomenology: a 
martensitic transformation, i.e., a solid state 
diffusionless structural transition and mag-
netically ordered states.[8] The strong cou-
pling between magnetism and structure, 
driven by the martensitic transformation, 
gives rise to their multifunctional behavior. 
“Giant” effects, e.g., magnetomechanical, 
magnetocaloric, barocaloric/elastocaloric, 
magnetoresistive, can be induced by external 
stimuli, such as magnetic field, pressure, 
stress and their combined application ena-
bling their exploitation in energy-efficient 
and smart technologies.[2,9–12] Additionally, 
the coexistence of conventional tempera-
ture-induced shape memory effect together 
with ferromagnetism broadens the range of 
application.[6,13,14]

In this context, thin films display a great 
potential with respect to bulk materials 
for their possible integration in micro/

nanosystems for the fabrication of new-concept devices such as 
actuators, valves, energy harvesters, and solid-state microrefrig-
erators.[15,16] Nonetheless, the intimate link between magnetic 
and structural degrees of freedom and the peculiar hierarchical 
twin-within-twin martensitic structure makes epitaxial films a 
unique platform for the precise control of structure and mag-
netism from the atomic to the macroscale.

Magnetic shape memory materials hold a great promise for next-generation 
actuation devices and systems for energy conversion, thanks to the intimate 
coupling between structure and magnetism in their martensitic phase. Here 
novel magnetic shape memory free-standing nanodisks are proposed, proving 
that the lack of the substrate constrains enables to exploit new microstructure-
controlled actuation mechanisms by the combined application of different 
stimuli–i.e., temperature and magnetic field. The results show that a reversible 
areal strain (up to 5.5%) can be achieved and tuned in intensity and sign (i.e., 
areal contraction or expansion) by the application of a magnetic field. The 
mechanisms at the basis of the actuation are investigated by experiments 
performed at different length scales and directly visualized by several 
electron microscopy techniques, including electron holography, showing that 
thermo/magnetomechanical properties can be optimized by engineering the 
martensitic microstructure through epitaxial growth and lateral confinement. 
These findings represent a step forward toward the development of a new 
class of temperature-field controlled nanoactuators and smart nanomaterials.
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Magnetic shape memory materials were first introduced in 
1996 by Ullako et al.[1] who demonstrated magnetic-field-
induced strain in NiMnGa Heusler single crystals. Since their 
discovery, they have gathered a continuously increasing atten-
tion for revealing emerging properties that in turn have opened 
new fields of research and application, such as magnetic 
actuation,[2–4] ferroic cooling,[5] and energy harvesting.[6,7]

Small 2018, 1803027
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Recent works have been addressed to microstructure engi-
neering of ferromagnetic shape memory thin films.[17–20] 
Controlling the microstructure is crucial for the optimization 
of their functional behavior that is intimately connected to 
shape memory and magnetomechanical properties, where the 
twin variants configuration plays a major role. We have recently 
demonstrated that by an appropriate choice of the growth 
conditions a fine control of the microstructure is possible in 
NiMnGa epitaxial thin films.[21]

After the pioneering works of Dong et al.,[22] Jenkins et al.,[23] 
and Thomas et al.[14] investigating the effects of partial and local 
release of epitaxial constrain in NiMnGa thin films, we here 
unveil the effects of lateral confinement in patterned magnetic 
shape memory thin films and free-standing nanodisks. The 
possibility to obtain new actuation mechanisms in magnetic 
shape memory free-standing nanodisks is very promising. 
Magnetic micro/nanodisks of permalloy and synthetic anti-
ferromagnetic multilayers have been recently proposed 
in nanomedicine as cellular actuators for new therapeutic 
approaches, where the cancer cells death is induced by mechan-
ical effects.[24–27] The mechanism at the basis of actuation has a 
pure magnetic origin, i.e., the rotation/oscillation of nanodisks 
in alternating magnetic field gradients. In the case of ferromag-
netic shape memory nanodisks, after suitable functionalizations, 

a temperature or magnetic field induced change of shape could 
enable new applications for manipulating cells and biological 
molecules.

Within this framework, magnetic shape memory nanodisks 
are a potential candidate for the production of a new generation 
of synthetic liquids based on multifunctional materials.

The disks were obtained by a multistep large-scale lithog-
raphy on epitaxial NiMnGa thin films showing a well-defined 
microstructure. In Figure 1a–f the different steps of the process 
are shown (for details see the Experimental Section). The pro-
cess is based on bottom-up self-assembly of polystyrene nano-
spheres on the surface of the film.[28,29] The disks obtained after 
sputtering process are successively released from the substrate 
by selective wet-etching of the Cr underlayer.[30,31] The proposed 
preparation method is an easy-to-use, fast, and low-cost approach 
to pattern thin films with a wide surface coverage (≈cm2) very 
robust in producing nanodisks with a monodispersed size 
distribution. Additionally, the disks lateral size can be appro-
priately tuned either by the choice of the polystyrene spheres 
diameter or changing the process parameters.

The starting specimen was a continuous 75 nm NiMnGa 
film showing an incommensurate 7 m modulated monoclinic 
structure (Figure S1, Supporting Information). As shown in the 
bright field cross-sectional transmission electron microscopy  

Small 2018, 1803027

Figure 1. Scheme of the multistep nanofabrication process together with corresponding SEM images acquired at each process stage. a) Continuous 
75 nm thick NiMnGa film deposited on a 50 nm thick Cr buffer layer grown onto MgO(001). b) A self-assembled monolayer of polystyrene spheres 
is deposited onto the surface of the continuous thin film. c) Plasma etching in Ar+ and O− gas mixture to reduce polymeric spheres diameter. d) The 
NiMnGa film is patterned by Ar+ sputter-etching that selectively removes the material not covered by the polymeric spheres. e) The spheres are removed 
from the top of NiMnGa disks by ultrasonication. f) The disks are detached from the substrate by a selective wet-etching of the Cr underlayer, obtaining 
an aqueous suspension of NiMnGa nanodisks.



U
N

CO
RR

EC
TE

D
 P

RO
O

F

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59 

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59 

1803027 (3 of 9)

www.advancedsciencenews.com

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.small-journal.com

(TEM) image in Figure 2a, the martensitic microstructure of 
the continuous film is solely constituted by lamellae oriented 
along the [100]MgO and [010]MgO directions, named Y-type 
lamellae. As already pointed out in ref. [21], this configura-
tion of martensitic variants corresponds to a microstructure in 
which the unique axis lies in the plane of the film, twinned 
along the equivalent <110>MgO directions. The patterning 
process induces a slight modification into the martensitic 
phase and, in particular, into the twin variants configuration. 
The scanning TEM (STEM) cross-sectional image acquired 
after lithography, presented in Figure 2b, shows that the shape-
profile of the nanodisks resembles that of a truncated cone: the 
original film thickness gradually reduces at the edges, giving 
rise to inclined surfaces likely due to the shadowing effect of 
the capping spheres during the etching process. Remarkably, 
the nanodisk shape influences microstructure: the inclined 
edges show a different microstructure (Figure 2c), being 
constituted of twinning plates oriented at 45° with respect to 
the substrate (001) (named X-type lamellae) that have been 
previously observed only in thicker films grown on Cr/MgO 
or in films without the Cr underlayer.[17,21,23,32] Sketches of the 
variants configurations for the continuous and patterned films 
are given in Figure 2d,e.

The magnetic responses of the continuous and patterned 
films are compared in Figure 2f,g. The continuous film displays 
an evident and sharp transition from the low temperature 
ferromagnetic martensitic phase to the high temperature 
austenitic paramagnetic phase (Figure 2f). The transition displays 
a narrow hysteresis occurring at TMA = 350 K on heating and at 
TAM = 348 K on cooling. The magnetic response is not substan-
tially altered by the patterning process that solely determines a 
slight broadening and shift of the transition temperatures. The 
continuous and patterned films show similar coercive field values 
(≈20 mT), testifying a RT martensitic phase for both the samples 
(Figure 2g). Contrarily, the hysteresis loop slope significantly 
changes upon patterning due to the modified demagnetizing 
energy of the disks compared to the continuous film. These 
measurements prove that the properties at the basis of the mul-
tifunctional behavior of this class of materials (i.e., martensitic 
transformation and the ferromagnetic properties) are preserved 
in patterned thin films.

Starting from the patterned system, free-standing nanodisks 
were obtained by wet-etching the sacrificial Cr underlayer. The 
disks were thoroughly studied by diverse TEM techniques. 
The analyzed TEM specimens display different mesoscopic 
configurations of disks, which includes isolated disks, few 

Q3
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Figure 2. Comparison between martensitic microstructure and magnetic properties in the continuous and patterned thin films. a) Bright Field 
cross-sectional TEM view of the continuous 75 nm NiMnGa thin film showing Y-type variants only. The scale bar is 200 nm. b) HAADF-STEM image 
of the patterned film obtained after lithographic processing. The scale bar is 500 nm. c) Magnified view of a region at the border of a disk showing 
the formation of X-type variants at the edges of the patterned structure. The scale bar is 50 nm. d,e) Schematic representation of the continuous and 
patterned thin film martensitic structures, showing the formation of different variants (X-type) at the edges of the disks. The lamellae sizes and relative 
amounts of variants are not in scale. f) Temperature-dependent magnetization evolution acquired under a 2 mT magnetic field applied along the 
[100]MgO direction in cooling and heating conditions, for both continuous (black and gray symbols) and patterned (red and orange symbols) NiMnGa 
films. g) In-plane magnetization loops of the NiMnGa continuous (black squares) and patterned (red circles) films under an applied magnetic field 
along the [100]MgO direction.
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interconnected disks, and disks chains. In 
Figure 3a, an HAADF-STEM image of a 
group of interconnected disks is reported. 
The bridges between disks are generated 
by irregularities of the capping layer of the 
polystyrene spheres that locally affect the 
efficiency of the sputter-etching process. 
Stripe contrast due to the different crystallo-
graphic orientations of adjacent martensitic 
plates is visible in the magnified views of the 
highlighted regions (Figure 3b,c). Figure 3b 
shows a contrast modulation typical of X-type 
variant, i.e., 45°-tilted twinning planes. Since 
the modulation occurring along the [110] 
direction of the pseudo-orthorhombic set-
ting here lies in the plane of the disk, the 
easy magnetization axis is twinned from two 
directions parallel to [110]MgO and [001]MgO 
directions, respectively.[21] On the contrary, 
Figure 3c does not show any contrast modu-
lation but twinning planes which are clearly 
oriented orthogonally to the viewing direc-
tion, corresponding to Y-type martensitic 
variant, i.e., 90°-tilted twinning planes. It 
is worth noting that, in agreement to what 
observed for the patterned film, X-type mar-
tensitic variants are preferentially observed at 
the edge of the disks, whereas in the center 
of the disks the Y-type variants configura-
tion of the continuous thin film is preserved. 
FFTs of the corresponding high-resolution 
TEM images for both the regions are given 
in Figure 3d–f.

The satellite spots typical of 5 m- and 
7 m-modulated structure are clearly visible 
in the X-type zones (Figure 3d,e) due to the 
modulation vector lying perpendicularly to the 
observation direction. In Figure 3g the bright-
field TEM image of an isolated disk confirms 
the preferential distribution of X- and Y-type 
martensitic variants. In the free-standing 
disks, small areas showing the 5 m structure 
were also observed. The existence of 5 m mod-
ulation can be ascribed to the stress relaxation 
promoted by the substrate removal. It was 
recently shown that a tiny stress is needed 
to trigger the transformation between coex-
isting structures with different martensitic 
modulations in Ni-Mn-Ga system and that the 
5 m modulation is more stable in a stress-free 
system.[33]

The magnetic properties of the Ni-Mn-Ga 
free-standing disks have been investigated 
by Lorentz microscopy (LM), which ena-
bles to study the magnetic structure of individual disks with 
a spatial resolution of few nanometers (see the Experimental 
Section for details). Due to the strong correlation between 
structure and magnetism in martensites, LM is also a funda-
mental technique to independently confirm the twin variant 

distribution throughout the nanodisks. In Figure 3h the con-
tour map of the magnetic phase shift is plotted superimposed 
to the mean inner potential (MIP, see the Experimental Section 
for details). The central portion of the disk displays an in-plane 
magnetization with twinned domains, as shown by the more 
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Figure 3. Structure and magnetic configuration of the free standing martensitic disks. 
a) HAADF-STEM (scale bar: 300 nm) image of free standing disks displaying a marten-
sitic structure that shows both X and Y-type variants. b,c) Magnified views of two regions 
respectively at the edge and at the center of a martensitic disk (the corresponding regions are 
marked respectively by the continuous and dashed lines in (a)) showing X-type variants at the 
edge of the disk and Y-type variants in the central area. The scale bars are 20 nm for (b) and 
40 nm for (c). d–f) Corresponding diffractograms that show the different structural orientation  
of the two areas. For the X-type region the in-plane 5 m/7 m structural modulations produce 
satellite spots which are visible in the diffractograms. g) Bright-field TEM image of an isolated 
NiMnGa disk. The scale bar is 200 nm. h) Phase contours of the magnetic phase shift superim-
posed to the mean inner potential, showing the existence of magnetic domains with an in-plane 
polarization at the center of the disk and regions with an out-of-plane polarization at the edges, 
corresponding to Y and X-type variants, respectively.
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dense magnetic induction flux line. The lines display undula-
tions that are due to their bending in proximity of the twinning 
planes. As an example, some twinning planes are marked by 
continuous white lines in Figure 2f,g. The magnetic configura-
tion is in agreement with the scheme elsewhere described for 
the Y-type variants.[21] On the contrary, the magnetic induction 
flux lines at the edges are less dense and close in circles, thus 
demonstrating that the magnetization is oriented perpendic-
ular to the disk plane as expected from the structural analysis. 
The LM investigation proves that the magnetic configuration of 
the free-standing disks differs from the one of the continuous 
thin films, in which only Y-type variants with in-plane magneti-
zation were observed. Furthermore, we can conclude that the 
patterning process determines the occurrence of a small por-
tion of X-type variants at the disk edges, while a larger fraction 
of X-type variants appears after the release of the disks from the 
substrate. This finding proves that the epitaxial strain relief—in 
addition to lateral confinement—is a further degree of freedom 

in free-standing martensitic disks, whose twin variants configu-
ration can reorganize to minimize the magnetostructural energy.

In order to achieve a deeper understanding and explore 
possible actuation mechanisms, we performed a temperature 
and field-dependent TEM investigation on martensitic disks 
(Figure 4). In particular, the martensitic phase evolution can be 
properly described considering a disk preferentially constituted 
by Y-type variants. Herein, we report the results showing the 
behavior of one selected disk, but information for the overall 
system properties are also provided, i.e., areal strain and vari-
ants distribution ratio (see the Experimental Section for details). 
In Figure 4a, a RT bright-field TEM image and the relative dif-
fraction pattern of the full disk is reported, in which the twinned 
reciprocal space cell has been marked in green and the direction 
of the twinning plane by a white line. The complete transfor-
mation from martensite to austenite was obtained by heating 
the sample up to 513 K, well above the TMA = 350 K. The high 
temperature phase is recognizable in the bright-field TEM 
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Figure 4. Temperature and field controlled actuation mechanisms in free standing martensitic disks. a) Bright field TEM image of NiMnGa disk 
together with a diffraction pattern that shows the effect of the twinning planes in Y-type regions. The structure shows a monoclinic symmetry. 
b) Corresponding bright field TEM image and diffraction pattern taken after heating the sample to 513 K. The crossing of the martensitic phase 
transformation is marked by the change in the symmetry from monoclinic (as shown in (a)) to cubic. c) Image acquired after cooling down to RT the 
austenitic phase (shown in (b)), in a magnetic field-free condition (H = 0). As shown in the high-resolution TEM image, a new martensitic microstruc-
ture showing the coexistence of X- and Y-type variants is obtained upon cooling. d) Cooling down the austenitic phase under an applied magnetic 
field (H ≈ 2 T, in the direction perpendicular to the disk) a new martensitic phase showing X-type variants only is obtained, as shown by the diffraction 
pattern revealing a martensitic structure with the unique axis parallel to the applied magnetic field. From the martensitic states shown in (c) and (d), 
it is possible to restore the austenitic phase upon heating above TMA. e) Sketch of the areal strain (in %) for the different martensitic phases obtained 
during the temperature/field-dependent cycle. The areal strains are normalized to the austenitic phase. The scale bar for all the images is 100 nm.
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image in Figure 4b, where the contrast features related to the 
twin variants (i.e., tiny stripes with alternating bright and dark 
contrast) are lost and the corresponding diffraction pattern has 
a cubic symmetry, with an estimated lattice parameter of 5.8 Å. 
We found that the martensitic phase can be restored in the free-
standing disks by cooling down the sample below the TM. In fact, 
the high-resolution TEM image in Figure 4c highlights a border 
between two different regions containing X and Y-type variants, 
as proven by the FFTs of the two different regions. The con-
trast in the bright-field image of the full disk appears to be dif-
ferent from the one observed in Figure 4a. This result suggests 
that a new martensitic phase, different from the one displayed 
at the beginning of the thermal cycle, is generated in the free-
standing disk showing that that the lack of epitaxial constraints 
is effective in making a new martensitic configuration. The 
phase transformation process is reversible and the austenitic  
phase can be restored upon heating above TMA.

In order to explore the effects of magnetic field on the 
martensitic phase transformation in free standing nanodisks, 
after restoring the austenitic phase we performed a cooling 
experiment under an applied magnetic field. During in situ 
TEM experiment, in fact, the sample can be cooled down 
under a magnetic field of ≈2 T generated by the objective lens 
of the microscope (see the Experimental Section for details). 
The lens field is radially symmetric and perpendicular to the 
plane of the sample and, hence, to the planar view of the 
disks. The result is shown in Figure 4d in which a new mar-
tensitic phase is displayed. The diffraction pattern of the full 
disk here reported shows a 5 m modulation which lies in the 
plane of the disk, thus corresponding to a martensitic phase 
with the unique axis (corresponding to the easy-magnetiza-
tion direction) oriented along the out-of-plane direction, i.e., 
parallel to the applied magnetic field. The resulting marten-
sitic microstructure, constituted by only X-type variants, is 
completely different from the starting one (mainly Y-type 
variants). Our finding provides the experimental proof that 
we can actively modify the free-standing nanostructured mar-
tensitic phase by different applied stimuli–i.e., temperature 
and magnetic field.

In addition, we can estimate the average strain generated by 
such phase transformations. The areal strain was calculated as 
the average variation in four disks (Figure S3, Supporting Infor-
mation) taken at the different states across the phase transfor-
mation, i.e., for all the states shown in Figure 4a–d. In Figure 4e 
a sketch of the strain-versus-T phase diagram is reported.

Crossing for the first time TMA (from (a) to (b) in Figure 4), we 
observe an increase of the area of the system ∆AMA = 4.3% ± 0.5%. 
Cooling down the sample in a field free environment (H = 0)—i.e., 
transformation from (b) to (c)—we record a reduction of the area 
of ∆AAM = −5.5% ± 0.5%. The observed difference for the two 
martensitic phases (i.e., (a) and (c) in Figure 4), whose Y/X vari-
ants ratio are ≈1.6 and 2.3, respectively, is a consequence of the 
different martensitic microstructure accessible upon cycling the 
phase transformation in the free standing nanodisks. On the con-
trary, cooling down the sample under the applied magnetic field 
(≈2 T)—i.e., transition from (b) to (d), in Figure 4—we access a 
new martensitic phase (showing X-type variants only) giving rise 
to an expansion ∆AAM = 0.9% ± 0.3% at the transformation from 
austenite to martensite.

Three main conclusions therefore follow from our results: 
i) the nanodisks can be thermally actuated giving rise to a 
remarkable areal strain (of the order of some %); ii) after 
thermal cycling the as-released disks, the effect is maximized 
and a reversible strain (contraction on cooling) of 5.5% is 
obtained; iii) the areal strain can be inverted in sign (expansion 
on cooling) by the application of a magnetic field.

These effects are a consequence of the adaptive microstruc-
ture of martensite in absence of substrate constraints, which 
at the transformation selects the microstructural variant dis-
tribution able to minimize the magnetic contribution to the 
total energy. In absence of applied field this contribution is 
solely due to a magnetostatic term, as proposed by Thomas for 
free-standing continuous thin films.[14] On the contrary, under 
an applied field, a Zeeman contribution has to be taken into 
account in addition to the magnetostatic term.

A direct evidence of the role of the magnetostatic energy 
at the martensitic transformation of free-standing nanodisks 
was readily provided by LM experiments. Figure 5a shows the 
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Figure 5. Comparative Lorentz microscopy investigation of the magnetic configuration in the temperature-controlled martensitic phase of free-standing 
nanodisks. a) Bright field TEM image of a group of three martensitic disks. The scale bar is 500 nm. b) Phase contours of the 5× amplified magnetic 
phase shift superimposed to the mean inner potential, showing the magnetic configuration of the disks as-detached from the substrate. Such configu-
ration is the one corresponding to the state (a) in Figure 4. c) Corresponding analysis carried out after the thermal cycle performed with H = 0, which 
shows that a new martensitic phase with a different magnetic configuration is obtained (corresponding to the state (c) in Figure 4). The rearrangement 
of the domains occurs minimizing the stray fields, as proven by the better closure of the magnetic induction flux lines achieved after the thermal cycle.
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change in the magnetic structure of the group of three disks 
previously introduced in Figure 3a by visualizing the magnetic 
induction flux lines before and after crossing the structural 
transformation in absence of an applied field. The comparison 
of the two maps shown in Figure 5b,c clearly demonstrates 
that the new twin variants configuration—characterized by a 
higher amount of Y-type twins—affects the in-plane magneti-
zation of the disks. In particular, the new magnetic structure 
displays a different geometry of in-plane domains, visible as a 
change of the density and the direction of the magnetic flux-
lines change after the thermal cycle (Figure 5c). Additionally, 
as a consequence of the reorganization of the twin variants for 
minimizing the stray fields, the outer extension of the magnetic 
flux lines is strongly reduced after the thermal cycle.

In summary, nanodisks with a diameter of 650 nm were pro-
duced by nanosphere lithography, a cheap and reliable prepara-
tion method suitable for large scale production of disks of tai-
lored size. The main properties (i.e., martensitic transformation 
and ferromagnetic behavior) at the basis of the multifunctional 
behavior of continuous thin films are not affected by the com-
plex lithographic process. A thorough investigation, achieved by 
combining different techniques, including Lorentz microscopy 
(see the Experimental Section for details), was performed to 
fully characterize the disks at different length scales. The direct 
effects of lateral confinement and epitaxial stress relaxation 
on microstructure and magnetism were unveiled and possible 
actuation mechanisms were directly visualized.

We demonstrated that the martensitic microstructure of 
free-standing nanodisks is influenced by shape and release of 
epitaxial constraint, i.e., it is characterized by two differently 
oriented twin variants (X-type and Y-type) and can be modified 
by the application of external stimuli, as temperature and mag-
netic fields. As a consequence, the nanodisks can be thermally 
actuated giving rise to remarkable areal strain, tunable in sign 
and intensity by the simultaneous application of a magnetic 
field. A reversible areal contraction up to 5.5% can be obtained 
on cooling in zero field, while a 0.9% expansion is obtained by 
cooling in a perpendicular field.

On the basis of our findings, nanodisks of magnetic shape 
memory materials appear to be very promising for the realiza-
tion of a new generation of multifunctional systems such as 
synthetic liquids and in particular temperature/field controlled 
suspensions of nanoactuators, whose microstructure can be 
engineered to tailor the material response for different applica-
tions that range from nanoharvesting to nanobioactuation. In 
this perspective, we have produced patterned thin films con-
stituted by nanodisks of reduced size (diameter of 150 nm) by 
means of smaller polystyrene nanospheres (i.e., 220 nm), as 
shown in Figure 6a. The martensitic (Figure 6b) and magnetic 
properties (Figure 6c,d) at the basis of their multifunctional 
behavior are preserved after the lithographic process. This 
result demonstrates the possible downscaling of the disk size 
and it is particularly interesting in the view of tuning properties 
and broadening the application range of this nanostructured 
system.

Experimental Section
Film Growth: The Ni2MnGa (NiMnGa) thin film was grown by 

RF sputtering at T = 623 K on Cr/MgO(100). The Cr underlayer was 
epitaxially grown on MgO at the same temperature. Film thickness was 
75 nm, while Cr underlayer thickness was 50 nm. The base pressure 
of the sputtering system was 3 × 10−8 mbar and Ar pressure during 
the growth was set to 1.5 × 10−2 mbar. The NiMnGa film was sputter 
deposited from a target with composition Ni49.3Mn27.8Ga22.9 (at%). The 
obtained film composition, as determined by energy dispersive X-rays 
spectroscopy (EDXS), was Ni53.7Mn22.1Ga24.2 (at%).

Nanodisks Fabrication: The multistep process (nanosphere lithography) 
used to fabricate a mask to transfer nanodisks arrays on the film surface 
is described in the scheme reported in Figure 1 and is based on self-
assembly of polystyrene nanospheres. The process stages are here 
depicted in the sketches while the corresponding film morphology is 
shown by SEM images acquired at each step of the lithographic process. 
The starting stage is NiMnGa continuous film shown in Figure 1a. The 
film surface showing a regular film morphology (not exhibiting surface 
modulations typical of martensitic plates composed by X-type variants) 
is visible in the SEM image. The mask for the patterning process was 
generated by depositing a single layer of polystyrene nanospheres 
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Figure 6. NiMnGa disks after further reduction of lateral dimensions (d = 150 nm) retain the martensitic and magnetic properties. a) SEM image of 
patterned NiMnGa film, obtained using sphere with reduced lateral dimensions (d = 150 nm). The scale bar is 500 nm. b) HAADF-STEM cross-sectional 
image of the disks, showing coexistence of X and Y-type variants. The scale bar is 50 nm. c) Temperature-dependent magnetization evolution (cooling: 
blue circles; heating: green triangles) under a 2 mT applied magnetic field along the [100]MgO direction for the patterned NiMnGa film. d) In-plane 
magnetization loop with the applied magnetic field along the [100]MgO direction.
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(Sigma-Aldrich, starting diameter 800 nm) onto the film surface to 
create an ordered hexagonal array of NPs, as shown in Figure 1b. This 
is pursued by injecting a droplet containing the NPs on a liquid surface 
(i.e., deionized water) where they undergo a self-assembling process into 
an ordered structure. Such an array of nanospheres is subsequently lifted 
up from water interface using the film itself. The sphere diameter is then 
reduced by RF plasma (as visible in the SEM image shown in Figure 1c) 
in a controlled atmosphere obtained as a mixture of Ar and O2. To end 
up with close-packed arrays of separated nanodisks, a sputter-etching 
with Ar ions is performed to etch the film not covered by the polystyrene 
nanospheres (Figure 1d). Such physical process also strongly modifies 
the shape of the nanospheres protecting the underneath magnetic 
film. Polystyrene capping spheres are then removed by sonication and 
the patterned film is obtained (Figure 1e). The final stage (Figure 1f) 
consists in a chemical process aimed to dissolve the Cr-underlayer and 
thus detach the nanodisks from the substrate. Thanks to nanosphere 
lithography, free-standing nanodisks with mean diameter of 650 nm 
and thickness of 75 nm are obtained in an aqueous suspension. The 
aqueous suspension of NiMnGa nanodisks was afterward washed, by 
iteratively dilution and centrifuging to remove all the residual byproducts 
of the etching process.

Magnetic Characterizations: Magnetic investigations on the continuous 
and patterned thin films were performed by means of vibrating sample 
magnetometer (VSM). In-plane hysteresis loops were measured at RT 
applying a magnetic field ranging in the interval −1.7 T ≤ H ≤ 1.7 T 
along the [100]MgO direction. The magnetization behavior as a function 
of temperature was measured in both continuous and patterned films 
in a temperature interval ranging from 200 to 390 K to investigate the 
austenite-martensite transformation by using a VSM equipped with 
a closed cryostat. In particular, the sample was mounted on the VSM 
tip in order to align the magnetic field along the [100]MgO direction. The 
measurements were performed under an applied magnetic field of 2 mT 
after demagnetizing the sample. Low field magnetic measurements 
as a function of T are particularly useful for studying the magnetic 
ad structural transitions. In fact an abrupt change of the magnetic 
susceptibility is expected at the martensitic transformation, arising from 
the difference of magnetocrystalline anisotropy between the austenitic 
and martensitic phase. The signal drops to zero at the Curie transition.

The temperature cycle was performed by i) increasing T up to 400 K, 
ii) decreasing T to 200 K, and iii) increasing again T up to 400 K. For all 
the steps, a constant rate of 0.5 K min−1 was set.

Transmission Electron Microscopy: TEM investigations were performed 
by combining different techniques available on differently configured 
hardware systems. The TEM samples preparation was carried out by 
drop casting a few drops of an aqueous suspension containing the 
free-standing nanodisks on a carbon grid. STEM, conventional TEM 
imaging and electron diffraction were performed on a JEOL JEM2200FS 
microscope operated at 200 kV, equipped with an in-column Omega-
filter and a silicon drift-detector for EDXS. The temperature-dependent 
measurements were performed on an aberration-corrected JEOL 
JEM2200FS microscope operated at 200 kV, using the in situ heating 
holder. Lorentz microscopy investigations were performed using an 
aberration corrected FEI Titan3 80–300 operated at 300 kV and equipped 
with a Lorentz lens.

The magnetic properties of the NiMnGa free-standing disks were 
investigated by LM, which enables to study the magnetic structure 
of individual disks with a spatial resolution of ≈5 nm. Lorentz 
microscopy was performed at RT turning off the objective lens and 
using the Lorentz lens to have no field applied on the specimen. 
The phase of the electron wave was retrieved applying the transport 
of intensity equation[34] to a Fresnel focal series, whose frames 
exposition time was set to 1 s and the defocus ∆z = 128 µm. The phase 
reconstruction process was performed in STEMCELL software.[35] By 
taking a second focal series after reversing the orientation of the 
sample, the electrostatic and magnetic contributions to the phase 
shift can be separated[36,37] following a procedure analogous to the 
time-reversal approach[38] proposed by Tonomura for off-axis electron 
holography. Such separation approach is strictly required to correctly 

characterize a system displaying a complex shape, e.g., nanodisks, 
whose geometry is a truncated cone with a local thickness change at 
the edges, to avoid shape-related artefact in the phase reconstruction 
process (Figure S2, Supporting Information). Applying the separation 
method, in fact, the electrostatic contribution (MIP)—related to the 
thickness distribution for a sample of uniform composition—and 
the magnetic contribution to the phase shift can be retrieved. It is 
worth mention that for complex structures constituted by differently 
oriented magnetic domains, as in the case of martensitic structures, 
the time-reversal approach represents the sole way in which the 
separation of the electrostatic and magnetic phase contributions 
can be performed, since an exact in situ magnetization reversal[39] 
cannot be obtained applying a magnetic field to the specimen. The 
TEM in situ experiments were performed setting the heating/cooling 
rate to 1 K min−1 and waiting for 15 min after reaching the desired 
temperature to permit the system to reach thermal equilibrium 
and to have a homogenous T over the all TEM grid. During the 
thermal-cycles (reported in Figure 4a–c) the objective lens was 
switched off to have the sample in a field-free environment, whilst 
the in-field cooling was performed with the objective lens on, with 
an applied magnetic field on the sample ≈2 T parallel to the optical 
axis of the microscope.[40] The magnetic field is radially symmetric 
and homogeneous over an area significantly larger than the field of 
view of the typical TEM images. For small structures like NiMnGa 
nanodisks whose size is in the sub-micrometric domain, it can be 
therefore safely assumed that the field is constant over the entire 
investigated portion of the sample.

Strain Analysis: The deformation of NiMnGa nanodisks induced by 
martensitic phase transformation in presence or absence of an applied 
magnetic field was evaluated by measuring the areal strain, defined as

A (%) =
A A

A
100M A

A
∆ − ×  (1)

where AM and AA are the areas of the disks in the martensitic and 
austenitic phases, respectively. The areal strain was calculated from 
the bright field TEM images after images registration.[41] It must be 
noted that a change in the twin variants configuration is in general an 
anisotropic deformation, since each twin configuration corresponds 
to a well-defined orientation of the crystallographic axes of the 
low symmetry martensitic phase. In order to properly evaluate the 
average deformations of the martensitic system under the different 
applied stimuli, the mean areal strains were estimated occurring in 
a portion of the sample that is representative and significant for the 
collective behavior of the system. For this purpose, the areal strains 
as an averaged value over four nanodisks and the error as its standard 
deviation were calculated. This method represents a convenient way to 
evaluate the properties of the martensitic system, since the distortion 
estimated by this approach does not depend on the martensitic 
structure specific of single nanodisks but resemble the collective 
behavior of the system.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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